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Large oceanic swell refracts on the western barrier reef 
of Palau as it rolls in from the Philippine Sea. Gliders 
were deployed west of the reef, making profiles to the 
coast of Mindanao and then returning. Photo Credit: 
Pat Colin, Coral Reef Research Foundation
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it one of the least understood western 
boundary currents in the Pacific. 

Here, we present observations and 
modeling results of the Mindanao 
Current that were part of the Origins of 
the Kuroshio and Mindanao Current 
(OKMC) initiative. OKMC is one of a few 
concurrent research efforts to understand 
water transport and exchange of LLWBCs 
in the western Pacific. Other research ini-
tiatives are Observations of Kuroshio 
Transport and Variability (OKTV; Yang 
et  al., 2015, in this issue), the South 
Pacific Ocean and circulation and cli-
mate experiment (SPICE; Ganachaud 
et  al., 2014), and Northwestern Pacific 
Climate and Ocean Circulation (NPOCE; 
Hu et  al., 2015a). A goal of these proj-
ects is to evaluate the role of LLWBCs 
on tropical Pacific water mass exchange, 
the relationship of LLWBCs to local and 
regional climatic forcing, and the tem-
poral and spatial scales of LLWBC vari-
ability (Ganachaud et al., 2014; Hu et al., 
2015b). Challenges to observing and 
modeling the MC include a strong mean 
current, extreme topography, a remote 

location, and the regional variability 
related to high-frequency wind-stress 
fluctuations and eddies. As observations 
and model simulations improve, they will 
be able to resolve and diagnose the com-
plex dynamics and mixing processes of 
this intricate region. 

During OKMC, gliders were deployed 
from Palau and made the round trip to 
the coast of Mindanao and back, with 
the goal of making repeated sections 
across the MC from June 2009 to January 
2014. Data from historical conductivity-​
temperature-​depth (CTD)/expendable 
CTD (X-CTD) profilers (2000–2014) 
and from profiling floats deployed during 
OKMC were combined to form a regional 
climatology. The regional circulation 
was simulated using two separate eddy- 
active ocean general circulation models 
(OGCMs) running in both forward (out-
put from 2000 to 2009) and assimilative 
modes (2010–2011). We believe this to be 
one of the most comprehensive studies of 
the MC to date.

Until the OKMC project com-
menced in 2009, the most extensive 
series of observations were collected 
from 1987 to 1990 as part of two efforts: 
the Western Equatorial Pacific Ocean 
Circulation Study (WEPOCS; Lindstrom 
et  al., 1987) and a joint United States/
People’s Republic of China Tropical 
Ocean Global Atmosphere (TOGA) pro-
gram (Toole et  al., 1990). In data from 
hydrographic and acoustic Doppler cur-
rent profiler (ADCP) measurements col-
lected during eight cruises, the MC was 
observed within 200 km of the coast, reg-
istering strong velocities in the upper 
300 m (Lukas et  al., 1991). Ship-based 
observations at 8°N showed a steady mean 
MC in approximate geostrophic balance 
and extremely variable flows offshore 

MOTIVATION AND BACKGROUND
The Mindanao Current (MC) is a 
low-latitude western boundary cur-
rent (LLWBC) in the North Pacific that 
is formed when the North Equatorial 
Current (NEC) bifurcates close to the 
Philippine Coast (e.g.,  Rudnick et  al., 
2015, in this issue). The MC transports 
and mixes North Pacific water masses as 
it flows south out of the Philippine Sea, 
feeding tropical circulation cells in both 
the North Pacific and the Indian Oceans 
(via the Indonesian throughflow [ITF]). 
The MC thus provides a pathway for 
heat and freshwater exchange between 
ocean basins (Gordon, 1986; Fine et  al., 
1994), and it carries climatic signals from 
higher latitudes into the tropics, influenc-
ing the El Niño-Southern Oscillation and 
regional climate (Lukas et  al., 1996; Gu 
and Philander, 1997). The MC transport 
to the western Pacific warm pool also 
impacts available nutrients and marine 
ecosystem productivity (Bell, 2013). 
However, there have been relatively few 
observations of the MC that resolve its 
mean structure and its variability, making 

ABSTRACT. The Mindanao Current (MC), a low-latitude western boundary 
current in the Pacific Ocean, plays an important role in heat and freshwater transport 
to the western Pacific warm pool and the Indian Ocean. However, there have been 
relatively few comprehensive studies of the structure and variability of the MC and 
its connectivity to regional circulation. The Origins of the Kuroshio and Mindanao 
Current (OKMC) initiative combines four years of glider observations of the MC, a 
historical conductivity-temperature-depth (CTD)/float climatology, and results from 
a global strongly eddying forward ocean general circulation model simulation and 
a regional ocean state estimate. The MC is resolved as a strong southward current 
primarily within the upper 200 m, approaching 1 m s–1, and extending roughly 
300 km offshore of Mindanao. Observations and model simulations show a persistent 
northward Mindanao Undercurrent (MUC) below the thermocline. The MC transports 
water masses of North Pacific origin southward, while the MUC carries water with 
South Pacific characteristics northward. The subthermocline transport of the MC and 
the MUC is connected to other undercurrents in the Philippine Sea. The variability of 
this transport is a topic of continuing research.
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(Wijffels et  al., 1995). More recently, 
moorings have been deployed across the 
MC. A single mooring anchored within 
the MC for the period from 1999 to 2002 
showed the existence of a strong shal-
low surface current with a mean velocity 
and variability of 1.3 ± 0.2 m s–1 at 100 m 
(Kashino, 2005). The strongest veloc-
ity was measured during boreal summer, 
and the strength was apparently modu-
lated by the onset of the 2002 El Niño. The 
strengthening of the MC during the sum-
mer months and El Niño has been asso-
ciated with the transport and bifurcation 
latitude of the NEC (Qiu and Lukas, 1996; 
Qu and Lukas, 2003; Hu et  al., 2015b). 
However, the relationship between MC 
mean structure and variability and local 
and regional forcing is unresolved. 

Two other relevant circulation features 
are the surface/thermocline Mindanao 
Eddy (ME; Wyrtki, 1961), characterized 
by cyclonic recirculation, and the north-
ward-flowing subthermocline Mindanao 
Undercurrent (MUC; Hu et al., 1991; Qu 
et al., 1998). However, these highly vari-
able features have not been unambigu-
ously identified. The ME, defined as a 
persistent eddy that feeds into the MC, 

is sometimes difficult to see in synop-
tic hydrographic sections (Wijffels et al., 
1995; Kashino et  al., 2013), yet it fre-
quently appears as a mean feature and 
has been resolved using surface drifters 
(Lukas et al., 1991). The MUC, typically 
located within 200 km of the shore, has 
been studied using mooring and mod-
eling efforts to determine whether it is 
a persistent northward flow (Qu et  al., 
2012; Zhang et al., 2014) or part of a vari-
able anticyclonic eddy (Kashino et  al., 
2015). Due to the variability of the ME 
and the MUC, identifying these features 
and understanding their relationship to 
the regional circulation is an ongoing 
area of research. 

We present glider and CTD/float 
observations and the results of two eddy- 
active OGCMs to identify the southward 
MC and a persistently northward MUC. 
We focus on the connectivity of circula-
tion in the region, where connectivity is 
defined through the transport of water 
masses characterized by their poten-
tial temperature and salinity. Together, 
the data and the model simulations pro-
vide robust measures of the mean struc-
ture and transport of both the MC and 

MUC. Model simulations give estimates 
of monthly variability. The transports of 
water masses from model simulations 
and from observations are compared. The 
combination of a diverse array of obser-
vations and model simulations provides 
insight into the mean structure of the MC 
and MUC, their temporal variability, and 
their regional connectivity.

GLIDER OBSERVATIONS
The Spray glider (Sherman et al., 2001) is 
an autonomous underwater vehicle that 
flies horizontally on wings and profiles 
by changing buoyancy. The glider mis-
sions described here lasted about four 
months, traveling a distance of around 
2,500 km while profiling to a depth of 
1,000 m. Each dive cycle took about six 
hours, during which time the glider trav-
eled 6 km horizontally. The glider mea-
sured temperature, salinity, and pressure 
with a Sea-Bird CTD and fluorescence 
with a Seapoint fluorometer. 

Spray gliders were deployed from 
Palau at 7.5°N, 134.4°E and made pro-
files westward toward the island of 
Mindanao, crossing the MC at latitudes 
ranging from 6°N to 10.2°N (Figure  1). 
The goal was to make sections across 
the MC to the 1,000  m isobath, with 
the additional challenge of maneuver-
ing through a strong and variable eddy 
field offshore. Ten gliders were deployed 
from June 2009 to July 2014, collecting 
6,387 profiles of the region, traveling a 
total distance of 26,000 km, and making 
19 sections of the MC. The interpreta-
tion of glider data was made challenging 
by the gliders’ inability to follow exactly 
the same trajectory during every mis-
sion. To quantify the mean structure of 
the MC, we chose to project data along 
a line that is roughly parallel to the gra-
dients of both the mean dynamic topog-
raphy (MDT; AVISO/Cnes; http://www.
aviso.altimetry.fr) and the bottom topog-
raphy (Figure  1). Observations within 
80 km of a line from 8.16°N, 126.61°E to 
8.77°N, 130°E (hereafter referred to as the 
“mean line”) were projected and objec-
tively mapped. The resulting map is thus a 
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FIGURE 1. Trajectories of Spray gliders deployed from Palau (orange) displayed 
with topography (V18.1; Smith and Sandwell, 1997). The solid black line is the 
“mean line” described in the text (8.16°N, 126.61°E to 8.77°N, 130°E). The mean 
line extends from the 1,000 m isobath inshore to 380 km offshore. It is perpen-
dicular to the bathymetry and the mean dynamic topography (indicated by the 
dashed black line) at the coast of Mindanao. Velocity profiles within 80 km of 
the solid black line are objectively mapped onto the line. Arrows indicate the 
depth-averaged velocity, averaged from the surface to 1,000 m, along this line; 
velocity is strongest near the coast of Mindanao.

http://www.aviso.altimetry.fr
http://www.aviso.altimetry.fr
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spatial and temporal average of these pro-
files. Gliders provided a depth-average 
velocity based on dead reckoning of the 
glider’s position (Todd et al., 2011; Davis 
et al., 2012). Following the projection and 
objective map, the mapped depth-average 
velocity was found to be perpendicular to 
the mean line (Figure  1), verifying that 
the current did flow parallel to the MDT, 
so that this was a reasonable line upon 
which to create a mean section. The error 
in depth-average velocity is estimated to 
be about 0.01 m s–1 (Todd et  al., 2011; 
Davis et  al., 2012). The error is random 
from glider to glider, and is thus reduced 
when averaging observations from mul-
tiple glider deployments. The depth-​
average velocity was used as a reference 
to calculate absolute geostrophic velocity 
using the thermal wind equation. 

CTD/FLOAT OBSERVATIONS
To provide a broad-scale context of 
the MC, we collected profiling float 
temperature-​salinity (T-S) data from the 
OKMC and the international Argo proj-
ects (http://www.usgodae.org) in the 
low-latitude northwestern Pacific for a 
time period of 2001–2014. To enhance 
the quantity of the T-S data, especially 
off the Philippine coast, we also extracted 
available CTD and X-CTD data in the 
0°N–35°N, 115°E–150°E domain archived 
by the US National Oceanographic 
Data Center (NODC) and the Japan 
Oceanographic Data Center (JODC). For 
data quality control, we compared the 
individually measured T-S values against 
the World Ocean Atlas 2013 climatolog-
ical data. T-S data were excluded if they 
fell outside of the two standard deviation 
envelopes of the local climatological T-S 
curve. For the float and CTD/X-CTD pro-
files that passed the quality control proce-
dure, the T-S were first interpolated onto a 
regular 10 m vertical grid between the sur-
face and 2,000 m. At each depth, T-S val-
ues were then mapped onto a 1/8° × 1/8° 
grid using an objective mapping tech-
nique. For details of the mapping’s weight 
function and decorrelation scales, read-
ers are referred to Qiu et al. (2015, in this 

issue). The CTD/float climatology was 
used to calculate the geostrophic velocity 
of the MC, referenced to 2,000 m, along 
8.5°N. The horizontal geostrophic veloci-
ties averaged over increasing depth ranges 
in the upper 1,000 m provided further 
information about the spatial structure of 
the MC and its connectivity to the region. 

OCEAN STATE ESTIMATE
The ocean state estimates were made 
using the Estimating the Circulation and 
Climate of the Ocean (ECCO) state esti-
mation framework, which is based on 
the MIT General Circulation Model 
(MITgcm; Marshall et  al., 1997) and 
its adjoint model. The ECCO frame-
work implements a non-incremental 
four-​dimensional variational (4D-Var) 
method (Heimbach et  al., 2002), which 
adjusts control variables to minimize 
the sum of squared normalized misfits 

between a model simulation and obser-
vations, plus the sum of squared normal-
ized control adjustments over a specified 
period of time. Control variables deter-
mine a dynamically consistent simulation 
(Le Dimet and Talagrand, 1986; Wunsch, 
1996). The controls used here are tem-
perature and salinity initial conditions, 
open boundary conditions, and atmo-
spheric forcing fields. The control adjust-
ments are normalized by the standard 
deviation of the control variable uncer-
tainty. The observation-model misfits 

are calculated at the space and time loca-
tions of the observations and normalized 
by the observation uncertainties (which 
include model representation errors). 
Observations used included satellite 
altimeter along-track sea surface height 
(SSH), separated into temporal mean 
and anomalies; gridded satellite sea sur-
face temperature (SST); and Spray glider 
and Argo temperature and salinity pro-
files. Only observations within a region, 
chosen to be 122°E–170°E and 5°N–20°N, 
were used in order to focus on the region 
of interest and to speed the convergence 
of the estimates. The state estimation 
experiments assimilated these observa-
tions with one-month assimilation win-
dows over a period from January 2010 
to December 2011. 

The model domain extended from 
15°S to 27°N and from 115°E to 170°E. 
The maximum bottom depth is at 

6,500 m, and the bathymetry is from the 
ETOPO-2 two-minute gridded global 
topography. The model was integrated 
on a 1/6° × 1/6° (~18 km) spherical polar 
grid, with 50 vertical levels. The levels 
spacing was 2.5 m at the surface gradually 
increasing with depth to a maximum of 
300 m near the bottom. The model first-
guess controls are described in Qiu et al. 
(2015, in this issue).

The MITgcm velocity (2010–2011) 
and its variability are calculated along the 
mean line (Figure 1). Horizontal maps of 

 “The [Mindanao Current] provides a 
pathway for heat and freshwater exchange 

between ocean basins, and it carries climatic 
signals from higher latitudes into the tropics, 
influencing the El Niño-Southern Oscillation 

and regional climate.

”
. 

http://www.usgodae.org
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salinity and velocity averaged on poten-
tial density surfaces provide regional cir-
culation for the thermocline and subther-
mocline. For brevity, when comparing to 
other results, the ocean state estimate will 
be referred to as the MITgcm.

PARALLEL OCEAN PROGRAM 
(POP) SIMULATION
To provide a large scale and long period 
context for the observations and the 
adjoint MITgcm simulation, we used 
output from a forward strongly eddying 
(1/10°) global Parallel Ocean Program 
(POP) simulation. The POP simulation is 
a z-level ocean general circulation model 
that solves the three-dimensional prim-
itive equations for ocean temperature, 
salinity, and momentum (Dukowicz and 
Smith, 1994). It has an implicit free sur-
face. Partial bottom cells were used for 
improved representation of flow over 
the bottom boundary. This configuration 
has 42 vertical levels whose thicknesses 
ranges from 10 m in the uppermost level 
to 250 m in the deep ocean.

The POP simulation was coupled to a 
sea ice model (CICE) in the Community 
Earth System Model (CESM) frame-
work. It was forced with Coordinated 
Ocean Research Experiment 2 inter- 

annually varying atmospheric forc-
ing (CORE2-IAF) from 1948 to 2009 
(Large and Yeager, 2009). CORE2 fluxes 
are based upon six-hourly (1948–2006) 
near-surface vector wind, specific humid-
ity, density, and air temperature based 
on National Center for Environmental 
Prediction (NCEP) reanalysis, daily 
downward radiation (1984–2006) from 
International Satellite Cloud Climatology 
Project (ISCCP) data (Zhang et al., 2004), 
and monthly precipitation (1979–2006) 
from a combination of satellite observa-
tions. The ocean model was initialized 
from rest using potential temperature and 
salinity from the World Hydrographic 
Program Special Analysis Center 
(WHP SAC) climatology (Gouretski and 
Koltermann, 2004). 

Potential temperature, salinity, and 
velocity are analyzed for years 2000–
2009. These variables were accumu-
lated at every model step over the aver-
aging  period,  in this case, a month.  At 
the end of the month, the total sum is 
divided by the accumulation period. The 
POP mean velocity along the mean line 
(Figure 1), and the standard deviation of 
monthly averages can be compared with 
that of the MITgcm. Horizontal maps of 
salinity and velocity averaged between 

potential density surfaces are compared 
to the MITgcm and CTD/float results. 
For simplicity, we will refer to the POP 
simulation only by the acronym POP.

MINDANAO CURRENT (MC) AND 
MINDANAO UNDERCURRENT 
(MUC) 
Velocity and Transport
Observations and models of the mean 
velocity all reveal a strong MC and a 
clearly identifiable undercurrent. The 
mean geostrophic velocity of the glider 
observations, referenced to the mean 
depth-average velocity of the gliders, and 
the absolute velocities of the model sim-
ulations are compared along the mean 
line. The geostrophic velocity from the 
CTD/float climatology is along a lati-
tudinal line at 8.5°N, extending from 
126.8°E to 135°E. Although these results 
are averaged within different timeframes, 
they provide comparable estimates of the 
MC and MUC structure, as discussed 
below. Here, we use the terminology 
poleward (equatorward) to refer to flow 
that is perpendicular to the mean line in 
the north-northwest (south-​southwest) 
direction for the glider and model sim-
ulations, and north (south) for the 
CTD/float observations. The core of the 
MC and location of the MUC are identi-
fied in each result. 

Glider observations may best resolve 
the structure of the MC and advanta-
geously have an absolute reference veloc-
ity. The absolute geostrophic velocity of 
the glider observations (Figure 2a) indi-
cates the MC to have a maximum velocity 
core of –0.98 m s–1 centered near 127°E 
(50 km offshore) at a depth of 100 m. The 
equatorward velocity extends to a depth 
of 1,000 m near the coast and to roughly 
250–300 km offshore at the surface. There 
is a second core of stronger equatorward 
flow at 128.9°E (250–350 km offshore) 
that may be associated with an offshore 
eddy. A poleward mean flow, the MUC, 
is visible below potential density sur-
face 26  kg m–3, with a maximum veloc-
ity core of 0.15 m s–1 centered at 127.2°E 
(75  km offshore) and potential density 

FIGURE 2. (a) Absolute geostrophic velocity perpendicular to the line 8.16°N, 126.61°E to 8.77°N, 
130°E obtained from glider observations within 80 km of the line. The velocity is referenced to the 
depth-average velocity along the line shown in Figure 1. White contours indicate equatorward veloc-
ity (blue indicates negative) and black contours indicate poleward velocity (red indicates positive) 
at 0.1 m s–1 intervals. Potential density is shown in gray. (b) Transport binned potential temperature-​
salinity (T-S) diagram obtained by binning the cross-track transport of individual glider sections from 
the coast to 130°E, and surface to 1,000 m. Cross-track transport from each glider section within this 
area is summed in 0.01 psu and 0.2°C bins and divided by the number of sections and the bin size. 
Integrating the diagram gives a mean cross-track transport of all sections. Equatorward transport of 
salinity extrema North Pacific Tropical Water (NPTW) and North Pacific Intermediate Water (NPIW) 
is negative (blue), and poleward Mindanao Undercurrent (MUC) transport characteristic of Antarctic 
Intermediate Water (AAIW) is positive (red).
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27.2 kg m–3 (650 m depth). 
In contrast to the glider observations, 

the CTD/float geostrophic velocity is ref-
erenced to zero at 2,000 m (Figure  3a). 
The CTD/float velocity shows the MC 
extending to 500 m depth, with a maxi-
mum velocity of 0.4 m s–1 in the upper 
100 m. The MUC is against the coast, 
directly below the MC, with a maximum 
poleward velocity of 0.05 m s–1 centered 
at 127.2°E and near 850 m, deeper than 
that of the glider but at the same lon-
gitude. The difference in angle (~10°) 
between the CTD/float observations 
and the glider observations is unlikely to 
cause large differences in the geostrophic 
velocity. Due to the lack of near coast T-S 
measurements, the deep expression of the 
equatorward MC against the Mindanao 
coast that is detected in glider observa-
tions (Figure  2a) is not resolved by the 
in  situ float measurements. Referencing 
the CTD/float climatology to 2,000 m 
may also cause substantial differences 
between the geostrophic velocity of the 
climatology and that of the mean glider 
section, as the glider section is referenced 
to an absolute measure of velocity. Near 
the surface, the CTD/float climatology 
shows a secondary equatorward veloc-
ity maximum near 129°E and a pole-
ward flow at 130°E, similar to the offshore 
structure of the mean glider section. This 
cyclonic offshore structure appears char-
acteristic of the ME.

The mean velocity structures of the 
MITgcm and POP (Figure  4a,b) both 
show a strong equatorward MC core 
similar in magnitude to that of the 
glider, with perceptible yet weaker pole-
ward undercurrents. The MITgcm has 
a maximum velocity of –0.98 m s–1, 
located between the surface and 100 m, 
and equatorward velocity extending to 
1,000 m (Figure 4a), in notable agreement 
with glider observations. In the MITgcm, 
the MUC is at 127.6°E, further offshore 
than in the glider observations, with a 
maximum velocity of 0.02 m s–1 near 
27.2 kg m–3 (700 m). In POP, an equator-
ward flowing MC extends to 600 m and 
has a maximum velocity of –0.82 m s–1 

at 200 m (Figure 4b). The POP MUC is 
directly below the MC, with a maximum 
velocity of about 0.04 m s–1 centered at 
27.2 kg m–3 (700 m) and 127.6°E. Unlike 
the glider observations and the MITgcm 
results, the POP undercurrent abuts the 
coast, and it is much wider, extending off-
shore 200 km. Near the surface, neither 

simulation shows the double core struc-
ture typical of the ME apparent in the 
observations. Instead, both the MITgcm 
and POP show a weakening equator-
ward flow progressively offshore, with 
the MITgcm remaining slightly stronger 
than POP at 130°E. 

To summarize, the MC and MUC 

FIGURE 3. Conductivity-temperature-depth (CTD)/float observations of (a) longitude-depth 
section of meridional geostrophic velocity along 8.5°N, and (b) latitude-depth section of 
density (solid contours) and zonal geostrophic velocity (color shading) along 130°E–135°E. 
(c)–(f) Velocity vectors from CTD/float climatology are averaged in (c) 1–100 m, 
(d) 100–300 m, (e) 300–600 m, and (f) 600–1,000 m layers. Velocity vectors with eastward 
(westward) components are plotted in red (blue). The magenta dots indicate the bifurcation 
latitude of the North Equatorial Current (NEC).
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means are stronger in the glider observa-
tions than in the CTD/float observations, 
and the MUC is stronger than depicted 
by the model simulations. However, the 
observations and model simulations all 
capture the shallow mean MC and a pole-
ward undercurrent. The model simula-
tions tend to have a strong MC core, sim-
ilar to the glider observations, and weak 
equatorward flow extending to 130°E. 
Near the coast, the glider observations 
and the MITgcm show the MC extending 
to 1,000 m, with the MUC slightly off-
shore, whereas POP has the MUC directly 
below the MC and extending much fur-
ther offshore. The differences near the 
coast are likely due to the MITgcm assim-
ilation of glider observations, which bet-
ter resolve coastal structure. Offshore 
observations show a cyclonic double-core 
structure that may indicate a quasi-​
permanent eddy, although it is not pres-
ent in the model simulations. 

Equatorward transports of the MC 
from the coast to 300 km offshore and 
from the surface to 1,000 m depth are 
–36.1 Sv (106 m3 s–1) (glider), –18.2 Sv 
(CTD/float), –31.1 Sv (MITgcm), and 
–23.9 Sv (POP). Poleward transports of 
the MUC, defined as northward trans-
port within 250 km of the coast and from 
the surface to 1,000 m, are 5.4 Sv (glider), 
4.6 Sv (CTD/float), 1.7 Sv (MITgcm), 
and 5.7 Sv (POP). The model transports 
were integrated by depth on their respec-
tive spatial grids, and components were 
summed along the angled mean glider 
line. The bounds of integration provide 
a relative comparison of the transports of 
the MC and MUC across observational 
and model simulations, and were cho-
sen based on the mean velocity fields. The 
MITgcm and glider show similar trans-
ports for the MC. The smaller transport 
of the CTD/float climatology is likely 
due to the reference level for velocity and 

the inability to resolve the coastal struc-
ture. The smaller POP transport may be 
due to longer temporal averaging, lead-
ing to weaker equatorward flow or lack 
of flow near the coast. The undercurrent 
transports were similar. The weaker mean 
MITgcm undercurrent may be due to the 
large temporal and spatial variability of 
the MUC, discussed below. 

Variability of Velocity 
and Transport 
To estimate the variability of the MC and 
MUC, we calculate the standard devia-
tion from monthly velocity fields of the 
MITgcm (Figure 4c) and POP (Figure 4d). 
Not surprisingly, the variability is highest 
near the core of the MC where the veloc-
ities are strongest. The maximum stan-
dard deviation of the MITgcm velocity is 
0.23 m s–1 in the core of the MC, and that 
of POP is 0.29 m s–1 nearer to the surface 
than the maximum velocity core, which 
is deeper in POP than in the MITgcm. 
The standard deviation near the core is 
about 25% of the mean velocity. Near 
the coast, and deeper than 400 m, both 
models show an elevated standard devi-
ation that exceeds the mean velocity. The 
variability suggests that the undercurrent 
meanders in the across-shore direction, 
and varies in strength. At the surface, 
the MITgcm has a standard deviation of 
0.15 m s–1 centered at 129°E (250–350 km 
offshore; Figure 4c). This high variability 
is the location of the surface ME, appar-
ent in both glider and CTD/float obser-
vations (Figures  2a and 3a). Although 
the ME is not represented in the mean, it 
appears that the MITgcm captures some 
of its transient nature month to month.

Water Masses
The MC and MUC are major pathways 
for meridional transport of water masses 
in the tropical Pacific. Commonly iden-
tified water masses in the MC originate 
in the North Pacific and are identified 
by their salinity extrema (Lukas et  al., 
1991; Bingham and Lukas, 1994; Fine 
et  al., 1994). The North Pacific Tropical 
Water (NPTW), a subsurface salinity 
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maximum, is found at a depth of less 
than 200 m and has salinity near 35 psu. 
The North Pacific Intermediate Water 
(NPIW), a subsurface salinity minimum, 
occurs between 300 m and 500 m depth, 
with salinity less than 34.4 psu. 

The transport of NPTW and NPIW 
by the MC can be identified on a poten-
tial T-S binned transport diagram con-
structed using glider observations 
(Figure  2b), with the cross-track geo-
strophic transport computed for each 
glider section from the coast out to 130°E. 
The transport is binned in 0.01 psu and 
0.2°C increments, the bins are summed 
over all glider sections, and then the bins 
are normalized by the number of sections 
and bin size. Integrating the T-S binned 
transport diagram thus yields the mean 
cross-track transport over all the sec-
tions. The equatorward transport by the 
MC (blue) of NPTW is identifiable as the 
salinity maximum near potential den-
sity 23.5 kg m–3, and that of NPIW as the 
salinity minimum near potential density 
26.5 kg m–3. The poleward transport of 
the MUC (red) at densities greater than 
27 kg m–3 is a striking feature. The density 
of 27.2 kg m–3 and salinity greater than 
34.5 psu indicates advection of Antarctic 
Intermediate Water (AAIW), which orig-
inates in the South Pacific and has a 
higher oxygen content than surrounding 
NPIW (Tsuchiya et  al., 1989; Tsuchiya, 
1991; Bingham and Lukas, 1995; Qu and 
Lindstrom, 2004). The MUC transport is 
of particular interest due to the variabil-
ity of the undercurrent and its uncertain 
connectivity to the rest of the region. 

REGIONAL CONNECTIVITY
Thermocline Circulation and 
Water Mass Transport
The surface and thermocline circulation 
in the Philippine Sea and its connectivity 
to the Mindanao Current are important 
in the transport of water masses from the 
subtropical North Pacific into the trop-
ics (Fine et  al., 1994). We highlight two 
uses of the observations and model simu-
lations: detailing the structure of the MC 
as it originates at the bifurcation of the 

NEC using the CTD/float climatology, 
and tracking the advection and decay of 
NPTW from the NEC to the MC using 
MITgcm and glider observations. 

To examine the origins of the MC, 
CTD/float maps of the velocity field are 
shown from 0 m to 100 m (Figure 3c) and 
from 100 m to 300 m (Figure 3d). Arrow 
color indicates westward (blue) and east-
ward (red) flow. The NEC north of 7.5°N 
extends westward from 135°E to the coast 
of the Philippine islands, and the MC 
originates from the westward-impinging 
NEC (Figure  3c,d). A meridional cross 
section of the NEC geostrophic velocity 
averaged from 130°E to 135°E (Figure 3b) 
shows the strong westward surface cur-
rent (blue) and the subthermocline 
undercurrents (red). The NEC extends 
to greater depths to the north, consistent 
with a downward slopping thermocline 
(Figure  3b). The bifurcation latitude of 
the NEC, shown by the magenta dots in 
Figure 3c–e, also shifts north with depth. 
As such, the MC has a more northern 
origin with depth. The horizontal pattern 
of velocity vectors in the upper ocean 
(above 300 m) suggests that the oscil-
lating meridional flows east of the main 
body of the MC are associated with the 
NEC undulation that is possibly induced 
by the presence of the meridionally 

aligned Palau ridge along ~135°E. 
In the thermocline, the evolution of 

the NPTW salinity maximum is of inter-
est. It decays along the Philippine coast, 
but is still identifiable into the Celebes 
(Sulawesi) Sea, and can be used as tracer 
(Gordon, 1986; Ffield and Gordon, 1992; 
Fine et al., 1994). We focus on NPTW by 
averaging the MITgcm mean salinity and 
velocity fields on potential density sur-
faces from 23.5 to 24 kg m–3 (Figure 5a). 
Black lines indicate the mean glider sec-
tions across the NEC (7.5°N–17°N, 
134.3°E; Schönau and Rudnick, 2015) 
and MC (Figure  1). In the MITgcm at 
134.3°E, the NPTW salinity is greater 
than 34.96 psu. As the NPTW is advected 
westward by the NEC, the salinity max-
imum decays. The layer including the 
NPTW bifurcates at the coast (near 
13°N) where the salinity maximum is less 
than 34.92 psu. The NPTW is advected by 
the MC along the coast of the Philippines 
as a tongue of high salinity that decreases 
until it becomes indiscernible at 6°N. 
The decrease in salinity of this tongue is 
roughly 0.1 psu. 

The decay of the salinity maximum 
of NPTW in the MC from model simu-
lations can be compared to observations 
from a glider that was advected down-
stream by the MC. The trajectory of this 
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glider, deployed in April 2011, is shown 
in Figure 5a (red line). The glider lost its 
steering capability, but not its ability to 
profile, so it acted as a profiling float in the 
MC until it was deposited in the Celebes 
(Sulawesi) Sea. An objective map of the 
along-track salinity on potential den-
sity surfaces (Figure  5b) shows a decay 
of NPTW along the coast. Although the 
salinity values are greater in the observa-
tions than in the model, the relative decay 
is similar. The success of the MITgcm in 
showing a clear decrease in salinity along 
the path of the MC breeds optimism that 
a more complete analysis will quantify 
the mixing processes.

Subthermocline Circulation 
The dynamics, connectivity, and origins 
of the subthermocline circulation in the 
western Pacific are of particular interest 
as they are not well understood in this 
region. The geostrophic flow from the 
CTD/float climatology provides an intro-
duction to the general patterns of sub-
thermocline circulation in the Philippine 
Sea. The connectivity of certain under-
currents can be confirmed using glider 
observations of water mass transport.

The geostrophic flow of the MUC 
from the CTD/float climatology extends 

down to 2,000 m (Figure 3a), and veloc-
ity maps suggest that the MUC is coher-
ent along the entire coast of Mindanao 
from 5°N to 13°N (Figure 3f). Following 
its path along Mindanao, portions of the 
MUC are “peeled” away at roughly 6°N, 
10°N, and 13°N (Figure  3f). These lati-
tudes correspond to the locations of 
the eastward subthermocline jets (see 
Figure  3b) that are formed in the east-
ern part of the North Pacific basin (Qiu 
et  al., 2013a) and that are revealed by 
Argo to be persistent across the Pacific 
(Qiu et al., 2013b).

The pattern of MUC circulation to 
the interior of the Philippine Sea can be 
compared between model simulations 
and observations. Maps of the MITgcm 
and POP mean salinity and velocity are 
constructed on potential density sur-
faces, averaged from 27 to 27.3 kg m–3 
(Figure 6a,b). The potential density range 
encompasses the cores of the undercur-
rents beneath the MC and the NEC, and 
corresponds roughly to the 600–1,000 m 
depth range in the CTD/float clima-
tology (Figure  3f). The poleward flow 
of the MUC is visible in both models 
(Figure 6a,b) near 8°N. In the MITgcm, a 
weak MUC transports high-salinity water 
north and east, forming an anticyclonic 

recirculation east of 130°E and feeding 
the southern NEUC (Figure 6a). In POP 
(Figure  6b), the MUC both feeds the 
southern NEUC near 8°N and continues 
to flow poleward. The poleward and east-
ward POP pattern is similar to that of the 
CTD/float climatology (Figure 3f). 

It should be noted that the MITgcm 
tends to have weaker currents, both 
because it is lower resolution than POP 
and because the state estimation penal-
izes structure that does not match the 
observations or that is not observed. 
POP is more energetically consistent as it 
is not constrained to match observations, 
and may be better at simulating eddies, 
which are notably present in the CTD/
float climatology.

The circulation pattern differs between 
observations and model results most 
noticeably near the coast, where large 
variability exists (see Figure  4c,d). The 
MITgcm (Figure  6a) shows a striking 
equatorward flow along the coast, starting 
at the northwest boundary and extend-
ing along the coast of the Philippines; 
this may be an expression of the Luzon 
Undercurrent (LUC), which transports 
intermediate waters equatorward (Qu 
et al., 1997; Wang et al., 2015). Near 10°N, 
this current divides into a southward com-
ponent feeding the MC and an eastward 
component eddying in the Philippine 
Sea and feeding the NEUCs. In contrast, 
POP (Figure  6b) and the CTD/float cli-
matology (Figure  3f) show weak pole-
ward currents near the coast at depths 
below 600  m. Glider observations indi-
cate that the equatorward flow of the MC 
extends to at least 1,000 m near the coast, 
in agreement with the MITgcm. The dif-
ferences in near-coast flow among the 
models and observations underline the 
fact that this is an area of active research. 

Subthermocline Water 
Mass Transport
Model simulations (Figure 6a,b) and the 
CTD/float climatology (Figure  3f) sug-
gest that the MUC advects water north-
ward and then eastward, both recircu-
lating and feeding the southern NEUC. 

**

126°E 130°E 134°E 126°E 130°E 134°E

6°N

8°N

10°N

12°N

14°N

16°N

Sa
lin

ity
 (p

su
)

34.38

34.40

34.42

34.44

34.46

34.48

34.50

34.52

34.54
(a) MITgcm (b) POP0.1 m s–1 0.1 m s–1

FIGURE 6. Horizontal maps of salinity (color) and velocity (arrows) averaged over 
the potential density range of 27 to 27.3 kg m–3 for (a) the MIT General Circulation 
Model (MITgcm), and (b) the Parallel Ocean Program (POP) simulation. Black 
lines show the locations of the objectively mapped mean glider lines across the 
North Equatorial Current (NEC) and Mindanao Current (MC) during the Origins 
of the Kuroshio and Mindanao Current project (OKMC) project. Locations for the 
Mindanao Undercurrent (MUC) and two North Equatorial Undercurrents (NEUCs) 
for each respective model are shown in white. 



Oceanography  |  December 2015 43

The formation mechanism of the MUC 
and its connection to the interior ocean 
subthermocline jets as observed by the 
CTD/float climatology is explored in Qiu 
et al. (2015, in this issue). The existence 
of the LUC near the coast and its con-
nectivity to the MC and the NEUCs is an 
open question given these observations 
and models. Glider observations across 
the MC and NEC provide the water mass 
transport of the undercurrents that may 
help to evaluate the modeled circulation.

T-S binned transport diagrams sum-
marize the mean subthermocline trans-
port of the NEUCs (Figure  7a) and the 
MUC (Figure  7b) by temperature and 
salinity. These diagrams, constructed 
using the same binning and averaging 
as Figure 2b, show the respective under-
currents as positive transport (red). The 
two NEUCs (Figure 7a), which are located 
at 9.6°N and 13.1°N in glider observa-
tions (Schönau and Rudnick, 2015), each 
have transports of roughly 5 Sv (Qiu 
et  al., 2015, in this issue). The southern 
NEUC transports water of a salinity char-
acteristic of AAIW (~34.5 psu), which is 
slightly greater than that of the northern 
NEUC (Figure 7a). The MUC (Figure 7b) 
encompasses the salinity range of the 
southern NEUC and also a transport of 
roughly 5 Sv. The mean salinity of the 
southern NEUC is less than that of the 
MUC (Figure 7a,b), indicative of mixing 
between 127°E and 134°E. However, the 
decrease in salinity may not be accounted 
for by mixing alone, and may give cre-
dence to the explanation that only part of 
the ~5 Sv of the MUC feeds the southern 
NEUC, and part of the MUC recirculates 
south of 8°N. The additional transport of 
the southern NEUC would then need to 
come from recirculation of NPIW from 
the north or by the LUC as suggested by 
the MITgcm (Figure  6a). The northern 
NEUC (Figure  7a) and the subthermo-
cline MC (Figure  7b) transport water 
with salinities between 34.3 and 34.4 psu, 
of strikingly similar temperatures that are 
characteristic of interleaved NPIW, sup-
porting the MITgcm representation that 
these are fed by the LUC.

CONCLUSIONS AND DISCUSSION
Glider and CTD/float observations, com-
plemented by numerical results from two 
eddy-active ocean general circulation 
models, have resolved the MC and MUC 
mean velocity structure, the thermo-
cline and subthermocline transport, and 
the regional connectivity. The data and 
model simulations spanned various peri-
ods from 2000 to 2014. The observations 
and results resolve the MC as a strong, 
surface-​intensified, equatorward flow 
that extends to a depth of 1,000 m near the 
coast and offshore to 300 km. Centered 
offshore and deeper than the MC core is 
a persistent poleward-flowing MUC, with 
large variability in strength and location. 
The connectivity of the MC and the MUC 
to the regional circulation is of interest 
due to the transport and mixing of water 
masses of both North and South Pacific 
origin. The large variability of the sub-
thermocline circulation on interseasonal 
to decadal time scales makes this an area 
of active research. 

In the representation of the MC 
and MUC, the glider observations are 
believed to best capture the mean current 
structure. Model simulations and CTD/
float climatology may not adequately 

resolve the flow near the coast. The CTD/
float climatology provides geostrophic 
velocity referenced to a level of no motion 
at 2,000 m. This reference may be appro-
priate away from the boundary but not in 
the swift western boundary current. As 
a result, the MC core velocity and trans-
port from the CTD/float climatology are 
roughly half that of the glider and model 
simulations. Similarly, the glider obser-
vations show the MUC to be slightly off-
shore, likely the most accurate position-
ing as it is based on absolute velocity 
observations. The subthermocline vari-
ability of the model simulations exceeds 
the strength of the mean structure, lead-
ing to the conclusion that the MUC’s 
position and strength are widely variable. 

Observations and model simulations 
agree that the MUC transports some 
water masses to the southern NEUC, 
providing a pathway for AAIW. Offshore, 
there is also evidence that part of the 
MUC circulates a portion of its trans-
port volume to the south of the NEUC, 
which recirculates to form an eddy. The 
most glaring difference between our 
results from observations and from sim-
ulations is the direction and magnitude 
of subthermocline velocity near the coast. 
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This difference may be related to variabil-
ity of the MUC, the resolution near the 
coast, and the reference velocity used in 
the observations. Near the coast, glider 
observations and the MITgcm show net 
equatorward flow, and the CTD/float 
climatology and POP show net pole-
ward flow. The glider-observed equator-
ward transport of interleaved NPIW sup-
ports the dynamical representation by 
MITgcm, making it plausible that the 
NPIW is coming from a northern source 
such as the LUC. However, the differences 
between observations and model simula-
tions suggest that more study of variabil-
ity in this region is needed. 
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